In Arabidopsis thaliana, a set of type-A authentic response regulator (ARR) genes, consisting of 10 homologous members, is induced primarily in response to the phytohormone cytokinin. Among these, we found that the expression of ARR9 is uniquely regulated through the circadian clock in a cytokinin-independent manner. This finding appears to be compatible to the current idea that some ARR genes (namely, ARR3, ARR4, ARR8, and ARR9) are implicated in an additional level of regulation of the circadian clock. Hence, the result of this study provided us with a new insight into the complex molecular mechanisms underlying both the cytokinin signaling and circadian rhythm.
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Cytokinins are a class of plant hormones that are implicated in nearly all aspects of plant growth and development. 1) In Arabidopsis thaliana, during the last decade the immediate early response to cytokinin is understood to involve a multi-step AHK-AHP-ARR phosphorelay signaling network initiated by the cytokinin receptor histidine protein kinases (AHK2, AHK3, and AHK4/CRE1/WOL). 2, 3) Upon perception of a cytokinin signal, the cytokinin-receptors (AHKs) phosphorylate the histidine-containing phosphotransfer intermediates (AHPs). [4] [5] [6] [7] The final phospho-acceptors are the type-B ARRs, [8] [9] [10] and phosphorylation of these DNAbinding transcription factors results in the rapid induction (or repression) of a variety of cytokinin-controlled target genes, 11, 12) including the hallmark cytokinin-induced type-A ARRs. 13, 14) This cytokinin-mediated phosphorelay circuitry must play a pivotal role in plant development throughout the life cycle, because certain mutants with defects in the signaling pathway exhibit severe developmental defects (e.g., pronounced dwarf morphology, and sterility depending on mutation alleles). [15] [16] [17] One of the crucial issues to gain insight into the physiological roles of cytokinin-mediated signal transduction in Arabidopsis thaliana is to clarify the functions of cytokinin-induced type-A ARRs. The Arabidopsis plant has 10 homologous genes encoding type-A ARRs (ARR3, ARR4, ARR5, ARR6, ARR7, ARR8, ARR9, ARR15, ARR16, ARR17).
3) The results of a number of genetic studies on these type-A ARR genes have provided us with the general idea that they are negative feedback regulators of cytokinin signaling with overlapping (or redundant) functions. [18] [19] [20] [21] However, their functions appear to be not totally redundant, because tissue-specific roles have also been identified for some type-A ARRs. 22, 23) To further clarify the physiological roles of cytokinin signaling, it is important to identify specific role of a given type-A ARR gene. One approach is to identify certain physiological stimuli, other than cytokinin, that specifically regulate the transcription of a given ARR gene. In fact, it has been reported that the expression of some ARR genes is regulated in response to cold or high salt stress. 24) Here we found that the circadian clock specifically regulates the diurnal expression of ARR9.
As for circadian clock-controlled Arabidopsis genes, a number of microarray datasets are currently available (http://diurnal.cgrb.oregonstate.edu/). 25) This makes it possible to inspect to determine whether a given Arabidopsis gene is under the control of the circadian clock. We inspected all cytokinin-mediated phosphorelay signaling genes (3 AHKs, 6 AHPs, 11 type-B ARRs, as well as 10 type-A ARRs) (data not shown). It was reveled that the possibility that among the phosphorelayassociated genes, ARR9 appears to be uniquely regulated by the circadian clock.
To examine the diurnal expression profile of ARR9, RNA samples were prepared at intervals of 3 h from (Fig. 1A) . The transcript of ARR9 exhibited a robust oscillation profile with a peak at dawn, while the others (ARR5 and ARR16) did not. This is consistent with the data from the microarray databases. The transcript of ARR8, which is the closest relative of ARR9, appeared to oscillate weakly. To reproduce these observations, the analyses were repeated with plants grown under 12 h light/12 h dark cycles (Fig. 1B) . The transcript of ARR9 exhibited robust oscillation reproducibly, while the oscillation of ARR8 was not robust. These results led us to conclude that ARR9 is unique in that its expression is robustly regulated, not only by cytokinin, but also by the light/dark diurnal cycle.
The results suggest that expression of ARR9 is controlled by the circadian clock. To address this issue, we employed a clock-defective mutant that lacks three major clock genes, CCA1, LHY, and TOC1.
26) The expression profile of ARR9 was analyzed in the cca1 lhy toc1 triple mutant, grown under 10 h light/4 h dark cycles. In the wild-type plants, the transcript of ARR9 showed a peak at dawn, as expected, while a peak was observed at midnight in the mutant plants (Fig. 1C) . Such an advanced phase shift of a clock-controlled gene is the hallmark phenotype of the clock-defective triple mutant. 27 ) Thus ARR9 appears to be one of the circadian clock-controlled morning genes.
To confirm this directly, the expression profile of ARR9 was analyzed under standard free-running conditions, continuous light (LL) or dark (DD) conditions. Plants (Col) were grown for 20 d under 12 h light and 12 h dark (LD) cycles, and then, released into LL or DD conditions. RNA samples were prepared at intervals of 3 h, and the expression profiles of ARR9 were examined ( Fig. 2A and B) . It was found that the expression of ARR9 kept oscillating with an approximately 24 h period both under LL and DD, indicating that ARR9 is a circadian clock-controlled gene.
Then the question arose as to whether the cytokininresponsiveness of ARR9 is interlinked with the clockcontrolled diurnal oscillation. To gain insight into this issue, the cytokinin-responsiveness of ARR9 was analyzed with 20-d-old plants at intervals of 2 h during 24 h duration of a given light/dark cycle (Fig. 3A) . Then the induction rates of ARR9 due to the externally applied cytokinin were calculated at various times of the day (Fig. 3B) . The results suggest that the expression of ARR9 is induced by cytokinin to nearly the same extent in a time-of-day-independent manner. In other words, the cytokinin-responsiveness and diurnal oscillation of ARR9 appear to be mutually independent processes. If this is indeed the case, the expression of ARR9 should oscillate diurnally even in a mutant that lacks the cytokinin-mediated signal transduction system. To test this, we employed the arr1 arr10 arr12 triple mutant, in which the cytokinin-mediated phosphorelay signal transduction is severely defective. 17) Clock-controlled oscillation of ARR9 was observed even in the triple mutant as clearly as in the wild-type plants (Fig. 3C) , confirming the thesis that cytokinin-responsiveness and diurnal oscillation of ARR9 are independent processes. 0 . The APX3 gene encoding an ascorbate peroxidase isozyme was used a reference, because it is known that its expression is independent on both circadian rhythm and cytokinin. The expression profiles were normalized by taking the maximum expression value to be 1.0 arbitrarily for clarity. Other detailed procedures of PCR were described previously.
26)
The type-A ARR9 gene is a hallmark cytokinininduced gene. In this study, we found that ARR9 is also under the control of circadian rhythm, and that this processes at the transcriptional level is independent of phosphorelay-mediated cytokinin signaling. This finding is not totally unexpected. It has been reported that an arr3 arr4 double mutant showed an altered circadian rhythm with longer periods under LL conditions, and that the effects of arr3 and arr4 loss-of-function mutations are redundant. 3, 21, 27) The same arr3 arr4 mutant showed an alerted (or slightly leading) circadian time phase during entraining cycles. Moreover, an arr8 arr9 double mutation suppressed the phenotype of longer period in the arr3 and arr4 double mutant when the resulting arr3 arr4 arr8 arr9 quadruple mutant was characterized. Some type-A ARR genes then, including the clock-controlled ARR9 gene, appear to be critical to proper circadian period and phase control, providing an additional level of regulation of the circadian clock in Arabidopsis. 27) Although the molecular mechanisms underlying control of circadian period and phase through these type-A ARR functions are unknown, the results of this study appear to be relevant to the scenario mentioned above.
To date no overt phenotype for the loss-of-function arr9 single mutant has been reported with regard to circadian rhythm-associated events (see the Arabidopsis Gene Index At3g57040 at http://www.arabidopsis.org/). Taking the findings of this study into consideration, however, clarification of a specific circadin-associated function of ARR9 must await further examination of arr9 mutants (or ARR9-overexpressing transgenic lines). These lines of experiments are currently underway in our laboratory. A, The wild-type (Col) plants were grown under 12 h light/12 h dark cycles for 20 d and then, they were treated with cytokinin (tzeatin) at intervals, as indicated (þCK). Reference plants without cytokinin-treatment were also analyzed (ÀCK). Cytokinin treatment (by spraying) lasted for 45 min at a concentration of 20 mM. The expression levels of ARR9 were quantified as described in the legend to Fig. 1 . B, Relative induction rates of ARR9 were calculated for each time-of-day-point to determine whether the induction of ARR9 by cytokinin occurs in a time-of-day-dependent manner. C, The diurnal expression profile of ARR9 was analyzed also in a mutant deficient in cytokinin signal transduction. The mutant employed was an arr1 arr10 arr12 triple mutant, which has been characterized. 17) Other experimental details were as in the legend to Fig. 1. T.Y.) and by a Grant-in-Aid for the 21st Century COE Programs (Systems Bioscience) from the Ministry of Education, Culture, Sports, Science, and Technology of Japan.
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